Particles in a liquid under standing ultrasonic waves have been known to aggregate. However, particle aggregation behavior remains unclear. Thus, ultrasonic waves horizontally irradiated particles in tap water or degassed water with a relatively large disktype acoustic transducer. We observed the particle behavior and measured the sound pressure profiles. The following results were obtained. The behavior of particles in water under ultrasonic waves was classified as "band", "point", "particle clump", and "non-aggregation". Experimental conditions producing "band", "point", "particle clump", and "non-aggregation" in tap water were found to be different from those in degassed water. Moreover, the point aggregations at a frequency f of 96.3 kHz were observed at many more locations (higher spatial density) than those at a frequency f of 23 kHz. The sound pressure profile for f = 96.3 kHz had many more peaks than that for f = 23 kHz in the vertical direction, which corresponds to the spatial densities of the point aggregation.
Introduction
As a basic study, King (1) derived an equation of the acoustic radiation pressure that exerts rigid spheres suspended freely in an inviscid fluid without considering fluid viscosity. Yosioka and Kawasima (2) extended King's equation to compressible spheres. Their extended equation showed that particles move to the nodes or the loops in the standing wave of sound pressure, depending on acoustic properties, i.e., the density-compressibility factor. The measured acoustic radiation force was reported to agree with King's prediction (3) . In another report, at low to medium intensities (≤ 150 dB), the measured acoustic radiation forces were in agreement with those calculated by King's equation, but at high intensities (≥ 150 dB) the measured acoustic radiation forces deviated from the calculated forces (4) . The radiation forces on polystyrene particles measured by Yasuda and Kamakura (5) were greater than those predicted by Yosioka and Kawasima, and it was pointed out that small particles behave as larger particles in the range of diameters of less than 5 μm (5) . A particle distribution equation was derived taking diffusion into account (6) . Transverse forces caused by ultrasonic waves were shown to be approximately 100 times weaker than axial primary forces (7) . The velocityamplitude of an acoustic transducer surface has grid-like characteristics (8) . Recently, Doinikov derived equations of the radiation force acting on a rigid sphere (9) and on a compressible sphere (10) by taking the viscosity of the surrounding fluid into account. His calculation revealed that acoustic radiation forces act on small particles toward the sound source for a progressive wave and on large particle in the opposite direction. Particles with diameters
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Vol. 3, No.5, 2008 of less than 35 μm were confirmed to move toward the sound source in a progressive wave with a frequency of 50 kHz (11) . An ultrasonic wave was vertically irradiated into a liquid, and gas bubbles were observed to rotate around the nodes of the standing wave of the sound pressure (13) . Moreover, an ultrasonic wave was vertically irradiated onto a bubble in water in a vertically orientated cylindrical vessel (12) . In the earth's gravitational field, the bubble retained its position between an antinode and a node in the standing wave of sound pressure due to the buoyancy force.
With respect to applications, many studies have been done to collect particles in small vessels using an ultrasonic standing wave (14) (15)(16)(17) (18) . However, the effects of ultrasound on the behavior of fine solid particles are not yet understood sufficiently for relatively large acoustic transducers. Therefore, in a previous study, we investigated particle behavior using a rectangular plate type (10 cm×10cm) acoustic transducer (19) (20) . One of the present authors found aluminum particles with diameters of 50-150 μm to aggregate into a "particle clump" when acoustic cavitation occurs at a frequency of f = 23 kHz. In addition, he also reported that a particle clump is formed, becomes large, and suddenly starts to fall, and that these phenomena repeat themselves periodically while aluminum particles are continuously fed at a relatively high concentration into water under an ultrasonic wave irradiation of 23 kHz. Moreover, acoustic streaming is generated under some conditions, when ultrasonic waves are irradiated into the water. The acoustic streaming may affect the particle behavior. As mentioned above, there are many factors that affect particle behavior in a liquid subjected to ultrasonic waves. However, in the previous study (19) (20) , the experimental conditions which was done by one of the authors were limited. Therefore, the purpose of the present study is to classify particle aggregation patterns in terms of the type of particle, particle size, surrounding liquid (tap water and degassed water), frequency of ultrasonic wave, and power of ultrasonic waves and to obtain a relationship between the sound pressure profile and particle aggregation locations.
Experimental Apparatus and Method

Experimental apparatus
The experimental apparatus is shown in Fig. 1 . The experimental apparatus consists of a vessel, a disk-type acoustic transducer, a reflector, a power amplifier, a function generator, a hydrophone, a conditioning amplifier, and a spectrum analyzer. The vessel is made of transparent acrylic resin (acoustic characteristic impedance: z = 3.3 × The electric signal supplied from the function generator is amplified by the power amplifier and is led to the acoustic transducer, which horizontally irradiates ultrasonic waves. The frequencies of the ultrasonic wave are chosen to be around 23 kHz and 97 kHz. The direction perpendicular to the acoustic transducer surface is defined as the Z direction, and the direction of gravitation is defined as the Y direction. The direction orthogonal to the Z and Y axes is defined as the X direction. The center of the transducer is located at 120 mm from the bottom of the vessel and 120 mm from the side walls. Tap water (z = 1.5×10 6 Ns/m 3 ) passed through a mesh filter is used as the experimental fluid, and the tap water that has been boiled for three hours is referred to as "degassed water" in the present paper. Fig. 1 . Ultrasonic waves were sensed using the hydrophone (Brüel and kjaer, type 8103, frequency range; f = 0.1 ∼ 100 kHz), and the electric signal was passed to the conditioning amplifier. After the ultrasonic waves were converted to an electric signal corresponding to the sound pressure, the electric signal was displayed on the spectrum analyzer. The hydrophone was fixed to the head of a thin vertical supporting rod, the location of which was controlled by a traverse device. Thus, the location of the hydrophone was controlled in three directions, i.e., the X, Y, and Z directions. Since the shape of the hydrophone was a cylinder of 9.5 mm in diameter with a round head, the sensing point is regarded as the center of the sound provided by Brüel and kjaer. 
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Taking photograph and particles
The vessel is illuminated with a metal halide lamp. A series of images was recorded with a digital video camera at a frame rate of 60 fps (frame per second). Six types of particles were used as follows:
(a) Aluminum powder: aluminum flakes (non-spherical), diameter less than 40 μm, z of 1.7 × 10 7 Ns/m 3 , specific weight of 2.7, (Wako Pure Chemical Industries, Ltd., Japan).
These particles are referred to as powder in the present paper. When we observed the behavior of particles, a mirror, which will be described at Section 2.2.3, was not placed in the vessel.
Particle aggregate location and sound pressure profile
The location of particle aggregation and sound pressures are measured as follows:
(1) Since we need both images in the Y − Z (vertical) and X − Z (horizontal) planes simultaneously, a plate mirror was submerged in water inside the vessel, and one side of the
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Vol.3, No. 5, 2008 mirror was in contact with the bottom of the vessel. The angles between the plate mirror and the bottom plane was set at 45 degrees as viewed from the Z direction. Thus, we could take real images of the Y − Z plane and virtual images of the X − Z plane in the mirror viewed from the X direction, simultaneously. (2) A transparent scale (a ruler) was made to stand next to the mirror in the liquid in contact with the bottom of the vessel in the Z direction. The scale image was taken from the X direction. When we calibrated the Z direction, the scale was read by taking the reflector as the reference point. (3) When calibrating Y direction, the scale was read by taking the bottom as the reference point. (4) Next, the transparent scale was placed above the mirror and parallel to the bottom plane in the liquid. The scale reflected in the mirror was taken from the X direction, and the scale was read by taking the side wall as the reference point. (5) The ultrasonic wave was irradiated. (6) The image of aggregate particles and the surrounding fluid was captured and sent to a personal computer. (7) The locations of the aggregate particles were measured using the calibrated images described above in (2), (3), and (4). (8) The hydrophone was moved to the aggregate particle location, which was calculated from an image in a preliminary experiment, and the sound pressure profile was measured around the location.
The Y and Z components of a particle obtained from the Y − Z plane image was not always equal to the real components, because the particles were located at various X locations. Pictures were taken at approximately 250 cm from the particles in the X direction. Measured particles were located within ± 50 mm from the calibration scales. The maximum measurement error caused by various X locations of particles was estimated to be approximately 1 mm in the Z and Y directions. This value corresponds to approximately 11% of the distance between a node and the neighboring node for ultrasonic waves at frequencies of 96 to 99 kHz.
Results and Discussions
Classification of particle aggregation
Experiments were carried out with the power and frequency as the parameters for the tap water and degassed water. From the observation, three aggregation patterns were observed as follows.
Band aggregation
Examples of band aggregation are shown in Figs. 2 and 3 for f = 97 kHz and f = 23 kHz, respectively. Particles (white points in the figure) aggregate as vertical bands at intervals of half wavelength in the Z direction. This is because the acoustic radiation force acts on the particles in the Z direction, and other forces may be smaller in the X and Y directions. This type of aggregation has been reported by many researchers.
Point aggregation
Figures 4 and 5 show point-like aggregations at f = 97 kHz and 23 kHz, respectively. In this aggregation, a small number of particles (sometimes one) aggregate and maintain their positions. This aggregation is defined as "point aggregation" in the present paper. As seen in Figs. 4 and 5, ultrasonic waves sustain a greater number of "point aggregations" in the horizontal and vertical directions at f = 97 kHz than at f = 23 kHz.
Particle clump aggregation
A photograph of particle clump aggregation is shown in Fig. 6 . The occurrence of particle clump aggregation was reported in the previous reports (19) (20) . According to the previous reports, many particles aggregate and form a particle clump due to flows of cavitation clouds. This phenomena is considered to be related to acoustic cavitation observed in water (single phase) by Mettin et al. (21) and Hatanaka (22) . This will be discussed in subsection 3.4.
Results of particle behavior
The three aggregation patterns were observed, depending on experimental conditions. The observation results of the particle aggregations for tap water are summarized in Tables 1  to 3 and those for degassed water are summarized in Tables 4 and 5 . Although Z r should be optimized in order to form a standing wave, Z r is set to 220 mm in order to maintain the same Science and Technology conditions. The tables show the particle behaviors observed for various powers and types of particles. In the tables, "band", "point", "clump", "×", "sink", and "-" correspond to band, point, particle clump aggregations, non-aggregation, particle sinking, and no-experiment (experiments were not carried out), respectively. In Table 5 , "sink" indicates the condition in which aluminum particles with d = 157 μm began to aggregate but then fell to the bottom of the vessel due to gravitation before forming narrow band aggregation.
• Particles tend not to aggregate at the higher acoustic powers listed in Tables 1 and 3 . The drag force caused by acoustic streaming may overcome acoustic radiation forces, and particles may then be swept away by the acoustic streaming. Strong acoustic streaming was observed in "tap water" at large acoustic power.
• Comparing Tables 4 and 5 , band aggregation is found to occur more at f = 97 kHz than at f = 23 kHz. As mentioned above, band aggregation tends to occur in degassed water as shown in Tables 3 and 5 .
• In Tables 1 to 5 , only aluminum particles with d = 157 μm exhibit "point" aggregation. Comparison of Tables 1 to 5 reveals that point aggregation tends to occur in tap water.
• From Table 2 , clump aggregation takes place at f = 23 kHz and Z r = 260 mm when a brass reflector (with a high acoustic impedance) is used instead of a glass reflector and when the acoustic power is more than 20 W. Under these conditions, strong cavitation occurred for the present experimental apparatus and tap water.
• Particles do not aggregate in some conditions. The reasons for this are considered to be as follows: (a) Weaker acoustic radiation force As seen in Tables 4 and 5 , smaller acoustic powers per unit particle volume tend not to aggregate particles, which is not sufficient for the acoustic radiation force per particle volume to
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Vol.3, No.5, 2008 Table 1 Particle behavior for tap water ( f = 23 kHz, Z r = 220 mm, Glass reflector) Table 2 Particle behavior for tap water ( f = 23 kHz, Z r = 260 mm, Brass reflector) Table 3 Particle behavior for tap water ( f = 97 kHz, Z r = 220 mm, Glass reflector) Tables 1 to 5 , it is concluded that experimental conditions producing "band", "point", "particle clump", and "non-aggregation" phenomena in tap water are different from those in degassed water.
Sound pressure profiles 3.3.1. Z direction
Measured sound pressure profiles are shown for f = 23.0 kHz at N = 10 W and 20 W in degassed water in Fig. 7 and for f = 97.3 kHz in degassed water in Fig. 8 . The pressure increases as the power increases. In addition, measured sound pressure profiles are shown for f = 97.0 kHz in tap water in Fig. 9 . Figure 9 is slightly different from Fig. 8 . From the pressure profiles for tap and degassed water presented by the authors (see Fig. 6 in the previous report (19) (20) ), the two pressure profiles along the Z direction for f = 23.0 kHz were approximately same. Figure 10 shows sound pressure profiles for degassed water in the Y direction at f = 23.0 kHz. In the figure, Z = 162.9, 154.9, and 146.9 mm correspond to the loop, the location midway between the loop and the node, and the node of the sound pressure profile under Z r = 219 mm (this order of locations in the sound pressure profile is the same in the following figures). Sound pressure profiles for degassed water are shown at f = 96.3 kHz in Fig. 11 at Z = 134.0, 132.5, and 131.0 mm under Z r = 219 mm. Next, sound pressure profiles for tap water are shown at f = 96.3 kHz in Fig. 12 at Z = 134.6, 132.6, and 130.6 mm. Those sound pressure profiles are seen to be wavy for the relatively large disk-type acoustic Table 4 Particle behavior for degassed water ( f = 23 kHz, Z r = 220 mm, Glass reflector) 
Y direction
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transducer. Figure 13 shows the locations of "point aggregation" in the Z-Y plane for five experiments at f = 96.3 kHz and N = 20 W for tap water. Some data ranging from Y = -20 ∼ 20 mm show aggregation at the same positions. From Figs 4 and 5 for "point" aggregation, particle-particle distances in the Y direction at f = 97 kHz are shorter than those at f = 23 kHz. Comparing Figs. 10 and 11 , the number of sound pressure peaks at f = 96.3 kHz is greater than that at f = 23.0 kHz. This feature of the pressure profiles in the Y direction correspond to the characteristics of the aggregate particle spacing. Thus, the occurrence of "point aggregation" may be attributed to the fact that the sound pressure profiles in the Y direction are wavy. (2) . The relationship between the location of "point aggregation" and the pressure profile in the Y direction is not clear in the gradation profile. Although small particles are considered to be suspended in a "point aggregation" by the force balance among small pressure gradients in the Y direction and the other forces, the detailed mechanism of the point aggregation is not clear in the present stage.
Particle clump aggregation
Mettin et al. (21) introduced acoustic cavitation structures in water (single phase), and called the structures "Acoustic Lichtenberg Figure" , because of its similarity to certain electrical discharge patterns. Since the reflection coefficient (23) between the glass reflector and water has not so high, a brass reflector was used in Table 2 . There were several flows of cloud cavitation, i.e., "streamers" (21) , and particle clumps moved along the streamers to the center of Acoustic Lichtenberg Figure. Particle clump locations fluctuated slightly and so were measured using a personal computer. The locations of the particle clumps are drawn as circles in Fig. 15 along with the surrounding sound pressure profile in the X − Y plane. The circles at successive times are combined with lines. As seen in the figure, 
Relationship between acoustic radiation pressure force and particle diameter
The time averaged acoustic radiation pressure force P acting on particles is expressed using Yosioka and Kawasima's equation ( 2)(7)(24) , as follows:
where I is the acoustic energy density, r is the radius of a spherical particle, k is the wave number, h is the distance from the node of the sound pressure profile. In addition, G(λ, α) is the density-compressibility factor, which is given by
where λ is the density ratio of a particle to the surrounding fluid, or ρ * /ρ 0 , and σ is the sound velocity ratio of the particle to the surrounding fluid, or c * /c 0 . Here, the * symbol represents particles. A force acts toward the node of sound pressure for a positive value of G. In contrast, for a negative value of G, a force is exerted toward the loop of sound pressure in a standing wave (2) . Since the values of G for aluminum and acrylic resin are 0.57 and 0.27, respectively, the two particles aggregate in nodes of sound pressure. The acoustic radiation pressure forces over the acoustic energy density, P /I, are plotted against particle diameters in Fig. 16 . From  Fig. 16 , the acoustic radiation pressure force at f = 97 kHz is greater than that at f = 23 kHz at the same diameter for the particles. In addition, under a constant power, the acoustic radiation pressure force acting on aluminum is larger than that acting on acrylic. These trends agree with the experimental results in Tables 4 and 5 in degassed water. Acoustic radiation pressure forces were also calculated using Doinikov's equation (9) . As a result, the acoustic radiation pressure force difference between aluminum and acrylic particles at f = 23 kHz was small. Except for this difference, the tendency of Doinikov's acoustic radiation pressure force curves was similar to the curves of Yosioka and Kawasima (Fig.16 ). For progressive waves, the tendency of the results calculated from Doinikov were different from that of Yosioka and Kawasima.
Conclusions
Particle behavior was observed under horizontally irradiated ultrasonic waves in a vessel using a relatively large acoustic transducer, and the sound pressure profiles were measured. The following results were obtained:
(1) The behavior of particles in water under ultrasonic waves is classified as "band", "point", "particle clump", or "non-aggregation", depending on the particle diameter, frequency, and power of ultrasonic waves. Note that "point aggregation" was observed for relatively large acoustic transducers.
(2) The experimental conditions that produced "band", "point", "particle clump", and "non-aggregation" behaviors in tap water were found to be different from those in degassed water, as shown in Tables 1 through 5. (3) For the point aggregation, aluminum particles with a diameter of 157 μm were found to aggregate at the nodes of the sound pressure profiles in the axial direction, i.e., the Z direction.
(4) Point aggregations are observed at many more locations (higher spatial density) in the vertical direction for a frequency of 96.3 kHz than for a frequency of 23 kHz. Corresponding to this observation, the pressure profile for f = 96.3 kHz has many more peaks in the vertical direction than that for f = 23 kHz.
